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The principle of local gauge invariance

QED as U(1) gauge theory:
Lagrangian Lo ferm = V(i — m¢)thr has global phase symmetry:

Pr — PF = exp{—iQreO}tbr,  hr — Vi = s exp{+iQred}

with space-time-independent group parameter 6
“Gauging the symmetry”:  demand local symmetry, 0 — 0(x)
To maintain local symmetry, extend theory by “minimal substitution”:

o — D* = 9" +1iQreA"(x) = “covariant derivative”,

AH(x) = spin-1 gauge field (photon).
Transformation property of photon A, (x) = A}, (x) = Au(x) + 9.0(x) ensures
> Dutbr — (Dupr)’ = Djaby = exp{—iQred}(Dput)r)

> gauge invariance of field-strength tensor F,, = 0,A, — 0., A,

Gauge-invariant Lagrangian of QED:
. “ 1 .
Lqep = V(i@ — QreA — me)ir — ZFWF“
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Non-Abelian gauge theory (Yang—Mills theory):
Starting point:
Lagrangian Lo(®,0,P) of free or self-interacting fields

with “internal symmetry"”:

1
> o= < ) = multiplet of a compact Lie group G:
®n
= &' =U(0)P, U() =exp{—igT?0?} = unitary,
T? = group generators, [T°, T°] =iC®*T¢, Tr(T°T") = 16%
» Lo is invariant under G:  Lo(®,0,9) = Lo(P',0,9")
Example: self-interacting (complex) boson multiplet
Lo = (au(D)T(8#¢)7m2¢f¢+k(¢f¢)2 (m = common boson mass, A = coupling strength)

Gauging the symmetry by minimal substitution:

Lo(9,0,0) —  Lo(®,D,P) with D, =9, +igT?AL(x),
g = gauge coupling,
T? = generator of G in ® representation,
A%, (x) = gauge fields
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Transformation property of gauge fields:
> Lo(P, Du®) local invariant if D, ® — (D,®) = D, ®" = U(0)(D.P)

= T°A? = UT°ALU" — éU(ﬁuUT), ASAH = not gauge invariant

infinitesimal form: ~ §A% = gC***60° A5, + 0,,60°
» covariant definition of field strength:  [D,, D] =igT?Fj,
= T°F., — T°F3, =UT°F3,U", F; F>"" = gauge invariant
explicit form:  F7, = 0,A2 — 0, A;, — gCALAS
Yang—Mills Lagrangian for gauge and matter fields:

1 ,
Lyv = —ZFSVFQ’W + £q>(¢, Duq))

» Lagrangian contains terms of order (QA)A?, A* in F? part
— cubic and quartic gauge-boson self-interactions

» gauge coupling determines gauge-boson—matter and gauge-boson
self-interaction — unification of interactions

> mass term M2(AZA3’“) for gauge bosons forbidden by gauge invariance

— gauge bosons of unbroken Yang—Mills theory are massless
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Quantum chromodynamics — gauge theory of strong interactions

» Gauge group: SU(3)c, dim. =8
2
structure constants £?, gauge coupling gs, as = f—s
T
» Gauge bosons: 8 massless gluons g with fields A%(x), a=1,...,8
> Matter fermions:  quarks g (spin-3) with flavours g = d, u,s, ¢, b, t
in fundamental representation:
ar(x)
Pq(x) = q(x) = | gg(x) | = colour triplet
qs(x)
2\l . 01 0
T?="—, Gell-Mann matrices A\ =1 0 0], etc.
2 0 0 0

» Lagrangian:

Lacp = —3FLF7" + Z%(lp — mg)q
q

a a abc c\2 YA B )\a a
= %(3 AL aVA#_gsfbAzAu) +Z¢q <1¢9_gs?44 _mq> g

q

g g g q
g oo g z;wmg M Geeed ees
g g g g
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The Standard Model (SM) of electroweak interaction
(Glashow—Salam—Weinberg model)

The gauge group for EW interaction
Why unification of weak and elmg. interaction 7
» similiarity: spin-1 fields couple to matter currents formed by spin—% fields

> elmg. coupling of charged W* bosons

v, WT, W~ as gauge bosons of group SU(2) ? — No!
Reasons:

> charge operator @ cannot be SU(2) generator, since TrQ # 0

for fermion doublets: Q = (0 0 ) for (VE>, etc.
0 -1 e

Possible way out: additional heavy fermions like E™ as partner to e~ ?
< no experimental confirmation !

> W* couplings parity violating, but v coupling parity invariant
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Minimal solution: SU(2)r x U(1)y
» SU(2); — weak isospin group with gauge fields W ", W~ W°
> U(1l)y — weak hypercharge with gauge field B

W/° and B carry identical quantum numbers

— two neutral gauge bosons 7, Z as mixed states

Experiment: 1973 discovery of neutral weak currents at CERN
< indirect confirmation of Z exchange

1983 discovery of W™ and Z bosons at CERN
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Fermion sector and minimal substitution

Multiplet structure:

Distinguish between left-/right-handed parts of fermions: " = w 1, Y™ = w, v

o2

> " couple to W — group 4" into SU(2); doublets, weak isospin T = %
> ) do not couple to W& — % are SU(2); singlets, weak isospin 77 = 0

» /R couple to v in the same way
— adjust coupling to U(1)y (i.e. fix weak hypercharges YE/R for wL/R)
such that elmg. coupling results: Line.qrp = — Qretr A)r

Fermion content of the SM:
(ignoring possible right-handed neutrinos)

T Q

L L L 1
v, v v +3 0

leptons: vl = ar . L) 1
P L el ,uL 7t f% -1
Ui = eR, ut, T’ 0 -1
quarks: . . ul oL ¢L +% +%
(Each quark exists \UQ = qr ) gL ) I A 1 1
in 3 colours!) : 2 3
YE = u®, R, R, 0 +§
YR = 4R, s, bR, 0 -3
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Free Lagrangian of (still massless) fermions:
Loferm = ey = (WEPUL +iWEIWE + WFPur + il dwy + WFpus
Minimal substitution:
O — Dy =0, —igTiW: +ig13YB, = Diw_ + Dffwy,
=0, (0 W)L (s e © s
IR 2\, 0 2 0 —-oW, —aY'B,)’
Dy =0, +igiiY*B,

Photon identification:

“Weinberg rotation” : Zu) = [ ew  sw w;i cw=cos O, sw=sin Ow,
& ) Ay —Sw  Cw B, )" 6w = weak mixing angle

L i —gsw — giow Y- 0 L Q 0
DM|A‘L = _EA”( 0 > = 1eAu<0

&sw — giew YY" Q
» charged difference in doublet @1 — Q=1 — g = si
%%
» normalize Y“/® such that g1 = £
Cw Y

— Y fixed by "“Gell-Mann—Nishijima relation”: Q = T+ >
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Fermion—gauge-boson interaction:

_ e WL 0 W+ UrL 3
Acferm,YM - \/ESW WF (W, 0 ) “UF + 2 Cws \U Z‘UF
- eiQf'l/)fZ?/)f — le’lpwaf (f = all fermions, F = all doublets)

Feynman rules:

f f
W ie A ‘Q
. PN —iQre
) ! V250 T ) w F€Yu
' f
f
Zy  levu(gfwe + g w-) = ievu(vr — arys)
f__ Sw — Sw TI3f
ith =2 = —— —_—
wi 8f cw Qr, & Cw F+ o S
3 3
S T T
D UL €
Cw 2cwSw 2Cw Sw

Physikalisches Institut__;
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Gauge-boson sector

Yang—Mills Lagrangian for gauge fields:
]‘ a a, v 1 LV
Lym = ~3 Wi, Wt ~1 B, B
Field-strength tensors:
VV;?:/ - (-')“ VV;? - 07/ ‘/‘/;) + g2€abc VV;I/) V|/!/C B;u/ - a,u B, — au B/,L

Lagrangian in terms of “physical” fields:

Ly = — %(aH W) — 0, W@ W — 8" W)

E

Yo,z —a.z) 02 —0v 2 - %(&LAV — DAL (O A — 57 AN

+ (trilinear interaction terms involving AW*TW ™, ZW*TW™)

+ (quadrilinear interaction terms involving
AAWT W™, AZWTW™, ZWTW~, WrW-W*TWw™)
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Feynman rules for gauge-boson self-interactions:

(fields and momenta incoming)

W+
K .
v leCWWV[ guv(ky — k-)p + gup(k— — kv)u
P
_ + gou (kv — k+),,}
W,
. Cw
with CWny =1, Cwwz = ——
Sw
+
% v,
ie*C 2
1€ Cwwwv’ | 28uv8po — Bup8ov — Buo8uvp
_ /
w, v, . cw
with CWW’Y’Y = -1, CWW'yZ = —,
Sw
C\QN 1
Cwwzz = ——-, Cwwww =
Sw Sw
e A S.Dittmaier Aspects of the Electroweak Standard Model — Lecture 1 CERN, June 2026 15




Higgs sector and spontaneous symmetry breaking

Idea: spontaneous breakdown of SU(2)1xU(1)y symmetry — U(1)cimg Symmetry
s masses for WT and Z bosons, but v remains massless

Note:  choice of scalar extension of massless model involves freedom

GSW model: N
Minimal scalar sector with complex scalar doublet ® = (zo), Yo =1

Scalar self-interaction via Higgs potential: v
V(®) = —pPoTo + %(¢T¢)27 pA >0,
= SU(2)1xU(1)y symmetric

. 2u? v
V(®) = minimal for [®|=4/——=—>0
by \/5 Regy

Ground state ®¢ (=vacuum expectation value of ®) not unique,
o . 0 . . .
specific choice ®o = | , | not gauge invariant = spontaneous symmetry breaking!
V2

Elmg. gauge invariance unbroken, since Q%o = <(1) g) $y =
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Field excitations in ®: +
_ ¢ (x)
&(x) (%(v-ﬁ- H(x) +ix(x))>

Gauge-invariant Lagrangian of Higgs sector: (67 = (¢+)T)
Lu = (D,®) (D"®) — V()  with D, =8, lngwa +1?B
(@M ) — LW — Wy ) + S W
2sw 4sy,

1 ev ev? _, 1 2 2,2
=0 Z,0" 7%+ Z(0H)? — ii*H
2( )+ 2cwsw | X+ 4c2,s2, * 2( ) —m
+ (trilinear SSS, SSV, SVV interactions) ~_St-c eww e

+ (quadrilinear SSSS, SSVV interactions) ::‘\: :/Hi

Implications:
ev ev My

bl 7z = - b)
25w 2cwsw Cw

M, =0

» gauge-boson masses: My =

» physical Higgs boson H: My = /22 = free parameter

» would-be Goldstone bosons ¢=, x:  unphysical degrees of freedom
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Fermion masses and Yukawa couplings

Ordinary Dirac mass terms meipripr = m;(f}‘d)? +1/J7;{?[)%) not gauge invariant
< introduce fermion masses by (gauge-invariant) Yukawa interaction

Lagrangian for Yukawa couplings:
Lyuk = —VFGpid — W5Gahyd — W5 Gapyd + hec.
» G, Gy, Gy = 3 x 3 matrices in 3-dim. space of generations (v masses ignored)

~ O*
> =g = (fd),) = charge conjugate Higgs doublet, Yz = —1

Fermion mass terms:

mass terms = bilinear terms in Lyyk, obtained by setting & — ®:

R v
Ly = — 2)1 va[ — Ul G,,z) —,,d Gdz + h.c.

ﬁ ﬂ V2

< diagonalization by unitary field transformations (f =/, u, d)

b/ = U/ Tgp/™ such that L UFGH(UF)T = diag(my)

= standard form: L., = m,rzv uf +h.c. = —mesi)r
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Quark mixing:
» 1)r correspond to eigenstates of the gauge interaction

> ’(Z;f correspond to mass eigenstates,
for massless neutrinos define 9% = UFyL — no lepton-flavour changing

Yukawa and gauge interactions in terms of mass eigenstates:
2m, N A
Vame )+ V2 (4 FEvh + o By vI6)
\[m ~ RS A ms . T ~
? (0" BEVIS + o DRVIPY) = Tisgn(TRx eyt
mf

77(V+H)lflf
v

=~ 0 =\ A 0 VWHN 4
Efcrm,YM = \/EeSW \U% (W* Wg ) /l/]lI: 7 f \UL (\/Jr W7 ‘g/ ) wIé
\IJI‘;03Z\VF — efQﬂ/JfZ%f - eQﬂ/JfA?l)f

o OEDE + o DR,

[:Yuk = -

+

2Cw Sw
» only charged-current coupling of quarks modified by V = UL(UY)" = unitary
(Cabibbo—Kobayashi-Maskawa (CKM) matrix)

» Higgs—fermion coupling strength = e
v
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Features of the CKM mixing:
» V = 3-dim. generalization of Cabibbo matrix Uc

» V is parametrized by 4 free parameters: 3 real angles, 1 complex phase

< complex phase is the only source of CP violation in SM

Counting of physical parameters:

(#real ) - (#unitarity) [ #phase diffs. of \ [ #phase diffs. of
d.of.in V relations u-type quarks d-type quarks

[ #phase diff. between
u- and d-type quarks

=18-9-2-2-1=4
» no flavour-changing neutral currents in lowest order,
flavour-changing suppressed by factors G#(mf71 - msz) in higher orders

(“Glashow—lliopoulos—Maiani mechanism”)
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Quantization of the EW SM

» describes particle creation and annihilation

> requires gauge-fixing for perturbation theory (existence of propagators)
Common approach: Faddeev—Popov method with R¢ gauge-fixing

» R: gauge-fixing Lagrangian: (55//) = arbitrary gauge parameters)

Lix = — 57 (C)? = 5 (C?)P = &-CrC

T =W FiMwEwet, CF=0"Z,— Mughx, CM=0"A,
— elimination of W and xZ mixing for £, = &y (propagator decoupling),
simple vector propagators in 't Hooft—Feynman gauge (55/') =1):
., va ig v
V, e~nnne v (k) ‘;\/,27 V=WAZ

» Faddeev—Popov Lagrangian with unphysical ghost fields v, 7° (a = £, A, Z)

Lrp = — /d4y ES(X) (;gb((;)) ub(y), (67 = gauge group parameters)

» Green functions obey Slavnov—Taylor identities (from BRS symmetry),
involving ghost contributions
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Perturbative evaluation of the EW SM

>

Input parameters: o = €/(4x), Mw, Mz, My, m¢, V
< non-trivial issue to find
> appropriate field-theoretical definitions ( “renormalization scheme”)
> appropriate phenomenological input (“input parameter scheme”)
Renormalizability:

» UV finiteness guaranteed
> perturbative approximation controllable (all orders defined)

Complications:

» almost all particles unstable
P> many mass scales in amplitudes and loop integrals
> IR (soft and/or collinear) singularities

EW corrections:
generic size O(a) ~ O(a?) suggests NLO EW ~ NNLO QCD,
but systematic enhancements possible, e.g.

» by photon emission
< kinematical effects, mass-singular log's o< «In(m¢/ Q)
» at high energies
< EW Sudakov log's o (a/s%) In?(My/Q) and subleading log’s

Physikalisches Institut__;
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Electroweak precision physics before the LHC era

Key experiments for EW precision physics

» Muon decay: W= vue Ue
determination of the Fermi constant
" aM?
% G, = — Mz .
" VM (MG - M)
» 7 production (LEP1/SLC): ete™ = 7 — ff
e’ various precision measurements at the
- ”, 7 Z resonance: Mz, [z, Ohad, AFIE’ ALR, etc.
= good knowledge of the Zff sector
» W-pair production (LEP2): efe” - WW — 4f(+7)
ot w
— measurement of My
e” "L - yWW /ZWW couplings
W — quartic couplings: yvYWW, vZWW
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Key experiments for EW precision physics (continued)

» W/Z production (Tevatron/LHC): pp, PP — W — lve(+7)
PP, PP — Z — L4~

P — measurement of My
~ W/Z — bounds on YWW coupling
PP — measurement of sin® 0"
» top-quark production (Tevatron/LHC): pp, PP — tt — 6f
W

— measurement of m

» gauge-boson scattering (LHC)

P
W/Z/% — measurement of couplings
WWWW, ZZWW, etc.
W/Z/~y e .
p — sensitivity to EW symmetry breaking

+ much more @ LHC I (Higgs physics, WWW production, etc.)
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Precision study of the Z line shape

e+ f E. T 0-
= 9
L 40r g
= ALEPH
— 'Y, Z rd © DELPHI
(] f L3
30 L OPAL
Unfolded resonance:
20 -
2
_ o0 slz
ores(s) =0 5 P —
o | R Trtrenced by Fottor
s— Mz +iMgzl ;=5
zt zlz M% 10 s trom it
..... QED unfolded
Resonance observables:
1 Il Il YAl 1
» 7 massand width: Mz, [y 86 88 90 92 94

0 E,, [GeV]
» peak cross section: oy,4

» various asymmetries: Ars, ALR, €tc.

» ratios of decay widths: R, = r?zd, etc.

Physikalische:
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Effective Z-boson—fermion couplings

f_'
Zy = levu(gvr — gars)
f
LEPEWWG '04
Leptonic couplings from 003217771
LEP1 asymmetry measurements: ,
eg. ANl = A |
A — 2g\/ngf -0.035 1 1
f = "2 2

8vr T 8ar s ]
m m
Good agreement with SM -0.0381 A
Ao
» lepton universality confirmed 1
» constraints on my and My 1
-0.041 1 ‘ —AN
-0.503 -0.502  -0.501 -0.5

9al
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Effective Z-boson—fermion couplings

7
Z, = ieyu(gvr — garys)
f
PDG 24
Leptonic couplings from -0.032
LEP1 asymmetry measurements: 5
e.g. AN = 3 AAf 0034
28vrBAf
8vr + 8ar . -0.036 i
> '\.\
v
Good agreement with SM -0.038 9035 CL

» lepton universality confirmed

» constraints on my and Mg -0.040

-0.502 ~0.501 ~0.500 ~0.499 ~0.498
—f
9a
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Translation of effective couplings into effective weak mixing angle

LEPEWWG '04
Final
0,
. 1 VI A —e—] 0.23099 + 0.00053
sin 0P = ~ (1 - Re eVt "
4 gal
A(P) —— 0.23159 + 0.00041
ol ———%———  0.2324+0.0012
Preliminary
Ay —v— 0.23212 +0.00029
Important features: A | 028223 + 0.00081
» combination of Average {:» 0.23150 £ 0.00016
very different observables 10° 2ol 10575
» ~ 30 difference between

s
]
A%E(LEP) and A((SLD) )
» high sensitivity to My EI

10 B8 Aoy = 0.02761 + 0.00036
EEIm= 178.0 + 4.3 GeV
T T T
0.23 0.232 lent 0.234
. 2.1ep
sin“g

eff

Physikalisches Institut__;
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W-pair production ete™ — WW — 4f(+7)

dominates near W-pair threshold

e

W

contains YWW /ZWW couplings

v, %

w

Physics goals:
» non-abelian gauge-boson self-interactions
< constrain non-standard YWW /ZWW couplings
» W-pair cross section oww

» precision measurement of W mass My

= Theoretical requirement:
understand 2 — 4 process with 0.5% precision

S.Dittmaier Aspects of the Electroweak Standard Model — Lecture 1 CERN, June 2026
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A typical 4-jet event observed at ALEPH

N
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Total WW cross section at LEP2

Status of 1999: (LEPEWWG '99) Final result: (LEPEWWG '05)
s > 189 GeV: preliminary —
T T T = — T T T T T
LEP ' N ' 8 201 LEP  PRELIMINARY 7
g 20+ '-/ .7 1 é YFSWW and RacoonWW
’ © |
=
= ]
% 104 N
% 101
o ® Data |
‘o —— Standard Model 1 11
\6/ - - - no ZWW vertex 1
~~~~~ v, exchange
0 : / . . : 0 . : 190 195 200 . 205
160 70 180 190 200 160 180 200
Vs [GeV] Vs (GeV)

) YFSWW (Jadach et al.) / RacoonWW (Denner et al.)
GENTLE (Bardin et al.) non-universal corrections included

only universal EW corrections - o
; ) — th. uncertainty ~ +0.5%for /s > 170 GeV
< theoretical uncertainty ~ +2% y ofor /s
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Gaemers, Gounaris '79; Hagiwara, Hikasa, Peccei, Zeppenfeld '87;

(Non_)Standard TGCs Bilenky, Kneur, Renard, Schildknecht '93; etc.
General parametrization (C- and P-conserving):
W+
Lvww = —ieguww{ g (W), W™+ V¥ —/\W*"“’ W,rv,)
™ + Ry WEW VR W W R v
V - ’77 Z " M\27\/ PR }
W
Meaning for static W' bosons:
Qw = egf = electric charge (= e by charge conservation)
w = 2M (g + rx+ 4+ Ay) = magnetic dipole moment
qw = ——2 (ky — Ay) = electric quadrupole moment
My

SM values:

gl\/:HV:l, /\\/:0

Restriction to SU(2)xU(1)-symmetric dim-6 operators:
KRz = glz - (Kq - 1) tan2 QW, /\Z = /\7,
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LEP2 constraints on charged TGCs LEPEWWG '04

(<>0.2 E sZ~1.25 C
015 | 12 ¢

E 1.15
01 F [

E 11
005 & 105 —

0 F 1 7

£ L _ +0.022
005 F . 085 = Agi = —0.009T5051

E 09
01 F r .

E 0ss | Ak, = —0.01675%2
: o8 +0.021
o2 Bl v b b g L . . . A = —0.0167;

0.9 1 1.1 09 0.95 1 1.05 11 v —0.023
9, [
w12y LEP Preliminary
1.15
1.1 95% c.l.
105 | H 68%ecl.
L X 2dfit result SM values verified
0ss | at the level of 2-4%
0.9
0.85
0.8 7\ L Lo Lo L
0.4 [} 0.1
R — A
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Global status of the SM before Summer 2012 A A AR AR AR RARANRRRR N
M, [eY fitter |- 0.2
» SM fit yields very good agreement Iy 0.1
(all “pulls” < 20) Ohaa 1.7
Riep 1.1
> Tension between A,(SLD) = Af z(SLD) A% -0.8
and A%p(LEP A(LEP) 03
fB( ) _ _ . A(SLD) 18
— Apg(LHC) will be interesting! sin‘e/'@_) 08
. . . . o 0.9
» SM fit predicts a light Higgs boson :jf, - | 2s
with My ~ 100 GeV A 01
A, | 0.6
: ‘ RY 0.0
A(LEP) 10928 R0 ‘ 23
o .
A(SLD) 5072 Actp (V) e -5
. My, ] -1.2
A —e——— | 38755 r, I 02
My, 60" m, -0.0
m, -0.
Standard fit ce 9475 m*’ o z 2
L L L t B

6 10 20 10%2x10° 10°

M, [GeV] -

(olit - omeas) ! Ormeas

Physialisches I
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Ax2

Bounds on My (95% C.L.) — a brief history

LEPEWWG '97-'12
Status Summer 1997

Excluded

theory uncertainty

ete”™ —/+ ZH at LEP2

SM fit favours
perturbative regime for My

oA Preliminary

10

10° 10°
my, [GeV] Highest sensitivity via
“high-precision observables”:

. lept
me, My, sin® 6)0}[}) . etc.

My > 114.4 GeV (LEPHIGGS '02)
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Bounds on My (95% C.L.) — a brief history LEPEWWG '97—'12

Status Summer 2000

6 —
6 _ 1
L Al = ] My > 114.4 GeV (LEPHIGGS '02)
i — 0.02804:0.00065 | L
- 0.027550.00046] | { ee” > ZHatLEP2
4 ¥ : .
N SM fit favours
< | My < 200 GeV
2+ - W V/
R S A AT S
] H H
0 Excluded Preliminary
2 g
10 10 10 . s
m,, [GeV] nghest se-ns-|t|V|ty via
“high-precision observables”:
mg, M\\', Sih2 Hi‘(ﬂpt, etc.
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Bounds on My (95% C.L.) — a brief history LEPEWWG '97—'12

Status Summer 2003

6
Ao = |
y had i My > 114.4 GeV (LEPHIGGS '02)
— 0.02761+0.00036 L
§ - 0.0274740.00012 : ee” —» ZH at LEP2
44 - Without NuTeV -
: SM fit favours
| My < 200 GeV
2 - W z
R S A AT S
] H H
0 Excluded /" Preliminary
20 100 400
m,, [GeV] nghest se-ns-|t|V|ty via
“high-precision observables”:
mg, M\\', Sih2 Hi‘(ﬂpt, etc.
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Bounds

on Mu (95% C.L.) — a brief history

Status Summer 2006

6 e 1?6 GeV
| Y |
5 Aty = n
—0.02758+0.00035 |{ :
1 -+ 0.02749+0.00012 /{1 { 1
4+ +« incl. low @° data [ { -
3 -
2 -
'1 -
0 Excluded "\ /-
30 100 300

LEPEWWG '97-'12

My > 114.4 GeV
ete”™ —/+ ZH at LEP2

SM fit favours
My < 166 GeV

Highest sensitivity via

“high-precision observables”:

2 6)10})‘5

mg, M\\', sin off

, etc.

(LEPHIGGS '02)
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Bounds on Mu (95% C.L.) — a brief history LEPEWWG '97—'12

Status Summer 2009

M, = 157 GeV

(5 gtz
| Adg = | My > 114.4 GeV (LEPHIGGS '02)
= i —0.02758:0.00035 7 PR
1 0.02749£0.00012 1 e’e” —» ZH at LEP2
4 -+ incl. low Q° data -
3; 7 SM fit favours
i | My < 157 GeV
2 s w V/
* 1w g
14 .
1 % E H I
0 Excluded i, Preliminary
30 100 300
my, [GeV] Highest sensitivity via

Tevatron excludes

“high-precision observables”:

. lept
my, My, sin® 0.F" etc.

My window around 2 My
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Ax2

Bounds on My (95% C.L.) — a brief history

LEPEWWG '97-'12
Status Summer 2011

6 _ July 2011 _ m,. =161 GeV
| 1 Ao = | My > 114.4GeV (LEPHIGGS '02)
5 — 0.02750£0.00033 7 e o
: -+ 0.02749£0.00010 1 ee” —» ZH at LEP2
4 + incl. low Q° data —
3; 7 SM fit favours
| | Mu < 161 GeV
2] - w z
.1 a V_- | \ ’ \
Excluded
30 100 300
Highest sensitivity via
m,, [GeV] . & nerviEy
high-precision observables”:
Tevatron excludes me, My, sin® 0.2, etc.

My window around 2 My
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Bounds on My (95% C.L.) — a brief history LEPEWWG '97—'12

Status before Summer 2012

6 _ March 2012 m,. = 152 GeV
.- F'H

Ao = '
5+ — s /\ilH7> 114.4 GeV (LEPHIGGS '02)
---0.027490.00010 e'e” — ZH at LEP2
4 -« incl. low Q® data
N, 3 SM fit favours
< My < 152 GeV
2 W V/
wThw 2 e
1 oy )
ILEP LHC i .
o |excluded Soo A excluded
40 100 200
m, [GeV] Highest sensitivity via

Open window not excluded by the LHC:
122 GeV < My < 127 GeV

“high-precision observables”:

2 6)10})‘5

off etc.

myg, M\\', sin
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Ax2

Bounds on My (95% C.L.) — a brief history

Status before Summer 2012

6 _ March 2012

M,y = 152 GeV
==

] Ao =
5] — 0.02750£0.00033
1 ---0.02749+0.00010
4 -« incl. low Q® data
3 -
2 -
1 I -';,‘
ILEP /. LHC
excluded S.. A excluded
0 —
40 100 A 200
Higgs-boson discovery
Open W in JuIy 2012! C:
122 T Ty

LEPEWWG '97-'12

My > 114.4 GeV
ete”™ —/+ ZH at LEP2

SM fit favours
My < 152 GeV

Highest sensitivity via

“high-precision observables”:

2 6)10})‘5

mg, M\\', sin off etc.

(LEPHIGGS '02)
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Status of the SM after 2012

» SM particle content experimentally completely established

» Collider data in very good agreement with SM predictions
(radiative corrections essential)
= SM confirmed as Quantum Field Theory!

» Successful constraints of respective mass ranges

before top-quark and Higgs-boson discoveries

= Major triumph of EW precision physics!

Next lecture:
» salient features of EW corrections

» treatment of unstable particles in higher-order calculations
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Backup slides

Physialisches Instiut
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Electroweak (EW) phenomenology before the GSW model

Some phenomenological facts:
» discovery of the weak interaction via radioactive 3-decay of nuclei:
n—p+e + v, p—n+ et + Ve (not possible for free protons)

P> terminology “weak”:
interaction at low energy has very short range
— long life time of weakly decaying particles:

strong int.:  p — 2m, T ~107%s
elmg. int.: T — 27, T~ 10716
weak int.: O VRN o 7 T ~1075%

po e + e+, T~ 1075
» lepton-number conservation: u~ —/+e” 4+~ (BR <4-1071)

= Le, Ly, Ly individually conserved:
Lo = +1 for e™, ve, Lo =—1fore™,D., etc.

(For massive v's with different Dirac masses, only Le+L;,+L is conserved.)

» parity violation (Wu et al. 1957):

eg: K'—=2m3nm 0Co — ONi* + e + 7
< polarization inversion does not
final states of different parity yield inversion of spectra
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The Fermi model

(Fermi 1933, further developed by Feynman, Gell-Mann and others after 1958)
Lagrangian for “current—current interaction” of four fermions:
Lrermi(x) = —2V2G,JI(x)J(x), G, = 1.16639 x 10~°> GeV >

with  J,(x) = /i (x) + Jp4(x) = charged weak current

» Leptonic part J}f” of J,:

J,lf'p = o, Ypw— Ve F+1u, Yoy Wy = %(1:|:'y5) = chirality projectors

> only left-handed fermions (w—_1)), right-handed anti-fermions (1w )
feel (charged-current) weak interactions = maximal P-violation

> doublet structure: ((7""), (/Ij‘i), later completed by (::)

> (J'»?)1 )" induces muon decay: Vi

I

e

S.Dittmaier
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> Hadronic part J)*! of J,:

Relevant quarks for energies < 1GeV: u,d,s,c
< meson (gg) and baryon (gqq) spectra

. u ¢
Question: doublet structure <d> (s) ?

Problem: e.g. annihilation of us pair would not be allowed,
but is observed: K" — uTu,
~—~

us pair in quark model
Solution (Cabibbo 1963):

u-c-mixing and d-s-mixing in weak interaction

!
< doublets <71,>, (C) with (‘{,) = Uc (d),
d S S S
cosfc sin 0@)

orthogonal Cabbibo matrix Uc = (_ sinfo  cosfo

empirical result:  Oc ~ 13°

had s oy Ty o~
1% = Yuypw_har + Perypw_hy
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Remarks on the Fermi model:

» universal coupling G, for all transitions
(ULUc = 1 is part of universality)

» no (pseudo-)scalar or tensor couplings, such as (v)(¥v), (¥)(Wysv), etc.,
necessary to describe low-energy experiments (E S 1GeV)

» Problems:

> cross sections for v e — vep, etc., grow for energy E — oo as E?
< unitarity violation !

» no consistent evaluation of higher perturbative orders possible
(no cancellation of UV divergences)

< non-renormalizability !
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“Intermediate-vector-boson (IVB) model”

Idea:  “resolution” of four-fermion interaction by vector-boson exchange
Lagrangian:
Live = Loferm + Lo,w + Lint,
,Coferm = E(l@ — mf)’L/)f, (summation over f assumed)
1 —,V P — —, &
Low = —5(@uWS —a,W)@"W ™" - "W ")+ My W,Ew =,
. 1 . i
with Wi = —=(W, FiW]), W, real

V2
W are vector bosons with electric charge e and mass M.

i < Ky ko
5 o |\ 8ur —
e &

WW
G

Propagator: o (k) = ) ,  k = momentum

Interaction Lagrangian: Lint = Ew <J’) W; 4 et W,;) ,

V2

JP = charged weak current as in Fermi model
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vpe — [ Ve

Four-fermion interaction in process
Fermi model: IVB model:
Vp o Vi B
W
€ I_/<‘, e 17(\
. 1 k, k.
. i 2 o
712\/56# 8po EgW k2 — M%V 8po ICI%V
) (B ] (BT, ] X[, 2w, (607w 0]
2V2G, =
2M3,

= identification for |k| < Mw:

Consequences for the high-energy behaviour:
EVC kw* Ue— = L_’Vc (ﬁe - ﬁVc )w* Ue— = mel‘_’l’cw* Ue—

> k” terms:
< no extra factors of scattering energy E
> propagator 1/(k* — M) ~ 1/E? for |k| ~ E > Mw
< damping of amplitude in high-energy limit by factor 1/E?
= No unitarity violation !

= cross section —— const/E?,
E—oo
CERN, June 2026
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Comments on the IVB model:

» Formal similiarity with QED interaction:  J* W; + h.c. «— jgmgAp

» Intermediate vector bosons can be produced, e.g.

ud — W' fF (discovery 1983 at CERN)
= —_—
in pp collision W= unstable
» Problems:

P unitarity violations in cross sections with longitudinal W bosons, e.g.

T
Ve
*’W\{V"< ! W

» non-renormalizability
(no consistent treatment of higher perturbative orders)

< Solution by spontaneously broken gauge theories !
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